By employing molecular dynamics simulations, we study thermal relaxation in two types of nanoclusters, a cubelike stack of identical carbon nanotubes and a nanocube of fullerene C 60 molecules. We calculate relaxation time and coefficient of thermal conductivity and reveal that the C 60 nanocluster demonstrates anomalously slow thermal relaxation due to the excitation of long-lived internal localized oscillatory modes. This suggests that such nanoclusters would be the most efficient for photophoretic manipulation of fullerenes. © 2011 American Institute of Physics. ͓doi:10.1063/1.3590256͔
When a surface of an absorbing particle is heated nonuniformly, the surrounding gas molecules rebound off the surface with different velocities creating an integrated force on the particle. This phenomenon is called thermophoresis, a mass transfer induced by the temperature gradient. The specific form of this phenomenon is associated with light heating being known as photophoresis. The thermal forces are not negligible when the particles are small and under large temperature gradients, and such forces depend of the particle morphology. 1 Recently, a novel principle of optical trapping and manipulation was demonstrated to increase substantially the manipulation distance by means of strong thermal forces 2 ͑see also Refs. 3 and 4͒. The experimental demonstrations employed two types of absorbing particles, ͑i͒ carbon nanoclusters produced by laser ablation and ͑ii͒ hollow glass carbon-coated microspheres.
Being inspired by the experimental observations that the thermal forces and trapping efficiency depend strongly on the structure and morphology of carbon clusters, in this letter, we study how the thermal relaxation of the carbon nanoclusters and the resulting thermal force depend on their specific morphology and internal structure.
To analyze the effect of morphology on the heat relaxation and thermal conductivity, We consider two types of cubic nanoclusters having the same shape but different internal structure, as shown in Figs. 1͑a͒ and 1͑b͒ . The first nanocluster is created by a stack of 12ϫ 10 identical armchair ͑6,6͒ carbon nanotubes C 1104 , as shown in Fig. 1͑a͒ . The other cluster is a nanocube of 12ϫ 12ϫ 10 fullerene C 60 molecules ͑buckyballs C60-Ih͒, see Fig. 1͑b͒ .
We model the intermolecular interaction in carbon nanotubes C 1104 and molecules C 60 with the help of the Brenner potentials. 5, 6 Then in the ground state the nanotube with the chirality index ͑6,6͒ and consisting of 1104 carbon atoms has the length L x = 11.417 nm and the radius R = 0.418 nm, whereas a spherical molecule C 60 has the radius R = 0.363 nm.
We describe the interaction of carbon atoms from different molecules by means of the Lennard-Jones 12-6 potential U LJ ͑r͒ =4⑀ LJ ͓͑ / r͒ 12 − ͑ / r͒ 6 ͔, where r is the distance be- To study thermal conductivity and heat relaxation we employ the Langevin equation
where M = 19.92ϫ 10 −27 kg is the mass of carbon atom, the three-dimensional ͑3D͒ vector u ␣,i defines the position of the i atom of the molecule with the number ␣ ͓for nanotubes ␣ = ͑n y , n z ͒, n y =1, ... ,12, n z = 1 , . . . , 10, and for fullerene molecules C 60 the index ␣ = ͑n x , n y , n z ͒, n x =1, ... ,12, n y =1, ... ,12, and n z =1, ... ,10͔, H is the system Hamiltonian, ⌫ =1/ t r is the Langevin collision frequency with t r being the corresponding particle relaxation time, and ⌶ ␣,i = ͕ ␣,i,j ͖ j=1 3 is 3D vector of Gaussian distributed stochastic forces with correlation functions a͒ Electronic mail: asavin@center.chph.ras.ru. 
We model the thermal relaxation of a cubelike nanocluster when one of its sides is heated to a higher temperature than the rest of it, see Fig. 1 . The thermal force, such as thermophoretic or photophoretic force, is defined by the temperature difference between the opposite sides of the nanocluster. This force will be more effective for slower thermal relaxation.
Nanoclusters composed of carbon nanotubes represent highly anisotropic structures where different forces are responsible for the bonding in the longitudinal and transverse directions. We consider the thermal relaxation of the nanocluster when all surface atoms at one of the sides are heated to the temperature T 1 = 500 K, whereas all other atoms have the temperature T 0 = 300 K. To achieve such a thermalized state, we solve the Langevin Eq. ͑1͒ with the initial conditions corresponding to the ground state of the nanocluster during the time t =20t r ͑where t r is the relaxation time which for the systems under consideration can be take as t r = 0.1 ps͒. For thermalization of the side xz in the Langevin equation we take T ␣,i = T 1 for the atoms of the first surface layer of the nanotubes perpendicular to the axis y ͓see Fig.  1͑a͔͒ , and for the thermalization of the side yz we should take the temperature T ␣,i = T 1 for all atoms at the right surface hemispheres of the nanotubes ͓see Fig. 4͑a͔͒ . For all other atoms we take T ␣,i = T 0 .
As a result of such thermalization procedure, it appears a temperature difference ⌬T = T 1 − T 0 between the opposite sides of the nanocluster. First, we study the relaxation of nanoclusters without their interaction with the Langevin thermostat, this correspond to omission of the last two terms in Eq. ͑1͒.
Nanoclusters created by spherical fullerene molecules C 60 are isotropic structures. Therefore, we may study only the thermal relaxation when the temperature gradient applied, say, along the axis x. To create a thermalized state with the help of the Langevin equation, we take temperature T ␣,i = T 1 for all molecules which belong to the surface layer of the cluster ͓see Fig. 1͑b͔͒ , and for all other molecules we put
Our numerical simulations demonstrate that both types of nanoclusters are stable to thermal fluctuations and their shape does not change substantially. Dependence of the temperature difference ⌬T versus time t for the nanoclusters composed of identical carbon nanotubes is shown in Fig. 2 . As follows from these results the temperature gradient decays exponentially, ⌬T ϳ exp͑−t / t 0 ͒, when t → ϱ. However, the thermal relaxation along the axis x goes 50 times faster than that along the axis y, with the relaxation time t 0 = 3.3 ps and t 0 = 166 ps, respectively.
Evolution of the temperature difference ⌬T at two opposite sides of the nanocluster composed of the fullerene molecules C 60 is shown in Fig. 3 . As follows from Fig. 3 , the temperature gradient decays much slower in this case, and it follows a power law, ⌬T ϳ t −1 . It is important to notice that if we treat the C 60 molecules as rigid atoms and do not take into account their internal dynamics, then ⌬T decays much faster and in accord with the exponential law, ⌬T ϳ exp͑−t / t 0 ͒ with the characteristic time t 0 = 4.4 ps. Therefore, we come to the conclusion that the observed anomalously slow relaxation of the thermal energy in the nanocrystal of C 60 fullerene molecules is associated with its internal dynamics. More detailed analysis of the nanocrystal dynamics demonstrates that such structures support longlived localized anharmonic oscillatory modes in the form of discrete breathers with the lifetime exceeding tens of picoseconds. Slow decay of such oscillatory modes explain anomalously slow thermal relaxation in the C 60 nanoclusters.
To determine the coefficient of thermal conductivity, we place two opposite sides of the cubic nanocluster into thermostat at different temperatures ͓see Figs. 4͑a͒ and 4͑b͔͒ and find the resulting stationary distribution of the temperature gradient, as shown in Fig. 4͑c͒ . To do this, we employ the Langevin Eq. ͑1͒ and select the temperature for the molecules at the left surface as T ␣,i = T + = 330 K and smaller temperature T ␣,i = T − = 270 K for the molecules at the surface of the opposite side, while "switching off" the interaction of all other molecules with the thermostat.
In the absence of thermal exchange between the surfaces and bulk molecules, we should have a balance of the input energy produced by random forces and the energy lost to dissipation. In this case the temperatures at the opposite sides of the nanocluster would be T + and T − . Thermal exchange between the sides and internal molecules leads to the temperature decrease from the left side and the temperature grows from the right side, T r : 4͑c͒. The energy accumulated in the dissipative forces at the nanocluster surfaces can be defined as ⌫M͚͑u ␣,i , u ␣,i ͒ =3Nk B T / t r , where the summation is carried out for all surface atoms, N is the number of such atoms, T = T l and T = T r are the temperatures of the left and right sides, respectively. The energy flow defined by random forces can be evaluated as 3Nk B T / t r , where temperature T = T + and T = T − for the left and right sides of the nanocluster. Therefore, the energy flow can be determined as J = Nk B ͑T + − T l + T r − T − ͒ / 2t r , and this formula would allow us to calculate the coefficient of thermal conductivity = JL / S͑T l − T r ͒, where L is the distance between the opposite sides, and S is the area of one side of the nanocluster. More details for the calculation of the coefficient of thermal conductivity by this method can be found in Ref. 7 , where this method was used for the study of thermal conductivity of carbon nanotubes. Our numerical studies of the thermal energy transfer demonstrate that the nanocluster composed of carbon nanotubes has large thermal conductivity along the nanotubes, = 57.9 W / mK, and low thermal conductivity in the transverse direction, = 0.33 W / mK. This explains rapid heat relaxation of the temperature gradient along the nanotubes. The nanocluster of fullerene molecules C 60 demonstrates even lower thermal conductivity, = 0.101 W / mK. However, this low value does not explain the observed anomalously slow thermal relaxation. Indeed, if we replace the buckyballs by hard spheres, the coefficient of thermal conductivity will become even smaller, = 0.095 W / mK, however, the heat relaxation in this nanocluster will go much faster. This confirms the important role of internal oscillatory modes which give a small contribution to the thermal conductivity but slow down the heat relaxation.
In conclusion, by direct full-scale molecular-dynamics simulations, we have demonstrated that the relaxation of a temperature gradient and heat transfer in carbon nanoclusters depend dramatically on their morphology and specific internal structure. We have discovered anomalously slow thermal relaxation in the nanocrystals composed of fullerene molecules C 60 , which should result in strong thermal forces most efficient for optical manipulation.
Alexander Savin acknowledges hospitality of the Nonlinear Physics Center at the Australian National University. 
